This paper was aimed at investigating the bio-augmentation performance of anaerobic/aerobic/ anoxic-type sequencing batch reactor (SBR) during its start-up period by introducing a strain of denitrifying polyphosphate-accumulating organism (DPAO). Two SBR reactors were inoculated to study the start-up performance, with one for DPAO introduction and the other as the control specimen. A comparison, of microbial community diversity based on the reactor which obtained a better performance, was made between polymerase chain reaction-denaturing gradient gel electrophoresis (PCR-DGGE) analyses encoded by 16S rRNA and functional genes (nirS, nirK). The results indicated that the introduction of DPAO had a positive effect on the biological system, including a reduction of the start-up period, the improvement of sludge characteristics and the removal efficiency of nutrients, especially for phosphorus. By comparing the phylogenetic relationship of 16S rRNA and functional genes (nirS, nirK) of the reactor augmented with DPAO, it could be found that the phylogenetic relationship of these genes were remarkably inconsistent with each other. Therefore, 16SrRNA should not be used to determine the microbial community diversity of functional bacteria which could accomplish denitrification, and gene nirK should not be neglected when determining functional bacteria.
INTRODUCTION
The rapid industrial development produced a growing number of industrial wastewater, which is discharged into water bodies without efficient treatment and brought about excessive N (nitrogen) and P (phosphorus) loads aggravating the contamination of water environment. For this, more and more stringent standards for N and P emissions of effluent are been compulsively implemented by governments worldwide in recent years.
Bio-augmentation is a process of adding selected strains or mixed culture into reactors to improve the nutrient removal and shorten the start-up period of the biological system (Ma et al. ; Herrero & Stuckey ) . Some studies in regard to bio-augmentation have focused on N and P removal. Both Taya et al. () and Zhang () investigated the bio-augmentation performance by introducing polyphosphate-accumulating organism (PAO) and biomass, respectively. Whereas, these added substances could not solve the traditional problems like carbon source shortage and heavy sludge load. Denitrifying polyphosphate-accumulating organism (DPAO) had obvious advantages over other microorganisms when it comes to denitrification and phosphorus removal. It could not only reduce the oxygen requirement to oxidize poly-βhydroxyalkanoates (PHA) in aerobic condition, but also remove P using NO 3 À -N or NO 2 À -N as electron acceptors under anoxic condition without using organic substances (Kapagiannidis et al. ; Kim et al. ) . What is more, DPAO produced 20-30% less of sludge than PAO and its enrichment could be favorably increased from 15.6% to 61.8% after acclimatization (Kuba et al. ; Zou & Wang ) . Therefore, it could be supposed that DPAO is a promising substance to be introduced in a bio-augmented system to improve the removal efficiencies of N and P. The phylogenetic relationship between 16S rRNA and functional genes has attracted some attention. Some research concluded that there is considerable difference between the phylogenetic relationship determined by 16S rRNA and functional genes. For example, Dandie et al. () analyzed the phylogenetic relationship of nar, nir, nor and nos genes, and the results were inconsistent with that of 16S rRNA. However, other research holds an opposite view. Heylen et al. () displayed that the phylogenetic relationship of 16S rRNA and nirS gene of most cultured bacteria was consistent on the family and genus level except several strains. As a consequence, whether 16S rRNA could be used to determine the phylogenetic relationship of a functional gene was closely connected to the types of functional genes. Some research adopted 16S rRNA to detect the community diversity of microorganisms like PAO, denitrifying bacteria and nitrifying-denitrifying bacterium which were related to denitrification (Hu et al. ; Zheng et al. ) . However, little attention had been paid to the phylogenetic relationship difference between 16S rRNA and functional genes (nirS and nirK) when detecting the community diversity of a denitrifying system. Hence, it is necessary to figure out the difference. In addition, some research have attached much importance to nirS gene, but the nirK gene was ignored when determining denitrifying bacteria (Remmas et al. ) . The phylogenetic relationship difference between nirS and nirK should be another research point.
Therefore, the objectives of this paper are: (1) to investigate the bio-augmentation performance of the start-up period of a biological system which introduced a strain of DPAO;
(2) to study the microbial community changes of the bio-augmentation performance; (3) to study the difference of phylogenetic relationship between 16S rRNA and functional genes nirS, nirK.
MATERIALS AND METHODS

Reactor construction and operation
Two identical anaerobic/aerobic/anoxic (AOA)-sequencing batch reactors (SBR) reactors were adopted. Both reactors were made of polymethyl methacrylate and in a cylindrical form, with a radius of 121 mm and a working volume of 2 L. Each reactor was closed and well equipped with a thermometer, a pH-meter, an aerator, a magnetic agitator and an ORP-meter. One AOA-SBR (R1) reactor was used for the bio-augmentation with introduction of a strain of ZQN4 (GenBank Accession No. GU384234), while the other, i.e. AOA-SBR (R2), was set as a control without introduction of ZQN4. Both systems were hermetically operated for a cycle of 8 h, including a 5-min filling, a 160-min anaerobic reaction, a 120-min aerobic reaction, a 180-min anoxic reaction, a 10-min settling and a 5-min decant. During each decant, 1.2 L synthetic wastewater was fed. The sludge retention time was 27 days. Dissolved oxygen (DO) at the aerobic phase was maintained at approximately 4.0 mg/L, while at the anoxic and anaerobic phases, it was kept below 0.5 mg/ L. Experimental temperature was thermostatically controlled at 30.0 C by a water bath.
The inoculated sludge was withdrawn from the raw returned sludge of A/O (anoxic/aerobic) process in a municipal wastewater treatment plant in Harbin, China. The feed was synthesized with CH 3 COONa (495 mg/L), NH 4 Cl (240 mg/L), MgSO 4 ·7H 2 O (80 mg/L), KH 2 PO 4 (60 mg/L), CaCl 2 (40 mg/L) and trace mineral solution (0.2 mL) (Jørgensen & Pauli ) . The composition of the trace mineral solution was as follows (per liter): 50 g EDTA, 5 g FeSO 4· 7H 2 O, 1.6 g CuSO 4· 5H 2 O, 5 g MnCl 2· 4H 2 O, 1.1 g (NH 4 ) 6 Mo 7 O 24· 4H 2 O, 50 mg H 3 BO 3 , 10 mg KI and 50 mg CoCl 2· 6H 2 O. As a result, the influent contained: chemical oxygen demand (COD) (300-400 mg/L), NH 4 þ -N (60-80 mg/L), NO 3 À -N (0-2 mg/L), NO 2 À -N (0-0.5 mg/L) and PO 4 3À -P (8-12 mg/L). The ratio of C/N was close to the 4.03. The C/P ratio was close to 30. The pH of influent was adjusted within 6.9-7.2 using 0.25 M NaOH or HCl.
Bio-augmentation
The strain of ZQN4 was 50 mg/L daily added to the influent of R1 from day 2. Mixed liquid suspended solids (MLSS) was kept around 3,000 mg/L in the reactor, by discharging 30 mL excess sludge after setting phase every day. The applied strain of ZQN4 was isolated from the sludge of an AOA (anaerobic/ aerobic/anoxic)-SBR as described by Zhang et al. () and was cultivated in a denitrifying culture medium consisting of 5.0 g/L sodium citrate, 1.0 g/L K 2 HPO 4 , 1.0 g/L KH 2 PO 4 , 0.2 g/L MgSO 4 ·7H 2 O, 2.0 g/L KNO 3 and 15 g/L agar (Ma et al. ) . Before inoculating, the medium was sterilized at 121 C for 20 min, and its pH was adjusted to 7.2. In addition, the ZQN4 was authenticated as Bacillus sp. and could simultaneously bring about the removal of P and N by polyhydroxybutyrate (PHB) granules dyeing, aerobic phosphorus uptake and so on. Thus, it could be defined as an effective DPAO.
Chemical analyses
The influent and effluent samples were collected daily from the inlet and outlet of the reactors at the end of the anoxic phase. Concentrations of COD, NH 4 þ -N, NO 3 À -N, NO 2 À -N, PO 4 3À -P, MLSS and SV 30 were determined by following the Standard Methods for the Examination of Water and Wastewater.
PCR-DGGE analysis
The polymerase chain reaction-denaturing gradient gel electrophoresis (PCR-DGGE) technology was adopted to further understand the different bio-augmentation performance of the two reactors. Sludge of R1 was sampled to analyze its dominant microbial species and to further understand the differences among DGGE based on different gene codes of 16S rRNA, nirS and nirK. On the days 1, 3, 5, 7, 10, 13 and 16, 15 mL mixed liquor was sampled at the end of anoxic phase during the start-up of R1. Upon sampling, the mixed liquor was centrifuged at 9,000 rpm for 5 min at 4 C and then stored at À20 C for further DNA extraction and gene analysis. Genomic DNA was extracted from the supernatant obtained from the centrifugation of sludge using a bacterial DNA Extraction Kit (TaKaRa, Dalian, China). The purity of the extracted DNA was analyzed on a 1% (w/v) agarose gel stained with Goldview™ (Beijing SBS Genetech Co., PR China). The forward and reverse primers used for amplifying the functional genes (nirS, nirK) and V1-V3 region of the 16S rRNA gene are exhibited in Table 1 .
The PCR amplifications were performed in a 25 μL mixture system that contained: 2.5 μL 10 × PCR buffer, 2 μL deoxynucleoside triphosphates (2.5 mmol/L), 0.5 μL of each forward and reverse primer, 2 μL extracted DNA, 0.5 μL Taq polymerase and 18.5 μL sterile deionized water. The PCR amplifications were carried out in an automated thermal cycler (GeneAmp PCR System 9,700, Applied Biosystems, USA) in accordance with the instructional procedures: pre-degeneration for 3 min at 94 C, denaturation for 30 s at 94 C, 30 cycles of denaturation for 30 s at 94 C, annealing for 30 s at 58 C, extension for 40 s at 72 C, followed by a final extension for 14 min at 72 C. The PCR amplification products were stored at 4 C, and their concentrations were detected by electrophoresis on a 1% agarose gel stained with Goldview™.
The DGGE was accomplished on a D-Code TM Universal Detection System (Bio-Rad, Hercules, California, USA). A gradient mixing device was employed to prepare the 8% Michotey et al.
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() (w/v) polyacrylamide gel along with the denaturant concentration increasing from top 30% to bottom 60%. After completing solidification, the gel was electrophoresed in a tank containing 6 μL PCR products and 6 μL 6 × electrophoretic buffer. The electrophoresis was performed at 60 C and under 120 V for 9 h in 1× TAE (40 mM Tris-HCl, 20 mM acetic acid, 1 mM EDTA). Then the obtained gel was silver stained and scanned by the EU-Image scanner (EPSON, Nagano, Japan). Bacterial similarity matrix and unweighted pair-group method with arithmetic means (UPGMA) were calculated by quantificational analyzing the DGGE gel using the corresponding software Quantity One 4.3.0 (Bio-Rad, Hercules, California, USA).
The sequencing of PCR fragments
The targeted bands on DGGE gel were isolated, dissolved and then amplified. After ligation, translation and identification, the amplified PCR was sent to the GenScript Co., Ltd, Nanjing, China for DNA sequence. The determined partial sequences of 16S rRNA gene and denitrifying functional genes (nirS, nirK) were aligned with the GenBank database using the BLAST site (http://blast.ncbi.nlm.nih. gov). Simultaneously, sequence alignments were finished using CLUSTAL X1.8. Phylogenetic tree was constructed using the neighbor-joining (NJ) method, and the tree robustness was analyzed by a bootstrap analysis using software MEGA4 with 500 repeats. Finally, the phylogenetic trees were constructed using the NJ plot program.
RESULTS AND DISCUSSION
Bio-augmentation performance during the start-up
The start-up performance was determined by daily monitoring the changes of the water quality. An overview of detailed daily water quality changes of both R1 and R2 is shown in Figure 1 . COD concentration difference is the result of COD concentration of R1 minus COD concentration of R2, and the concentration difference of other nutrients are calculated as COD.
The purifying performance of R1 was higher than that of R2 from Figure 1 . The concentration differences of COD (Figure 1(a) ) and NH 4 þ -N (Figure 1(b) ) were small, with their respective peaks at about 20 mg/L and 4 mg/L, which could be interpreted by the fact that the growth of DPAO did not consume COD or NH 4 þ -N. It was worth noting that the average effluent PO 4 3À -P (Figure 1(e) ) (0.39 mg/L) of R1 was clearly lower than that of R2 (1.91 mg/L), with a higher removal efficiency of 14.61%. The introduction of DPAO might assume the responsibility, explained by the fact that DPAO could be exposed to aerobic conditions with a remarkable P removal which was similar to its performance under anoxic circumstances, while PAO exhibited poor P removal presented in anoxic conditions (Haiming et al. ) . Figure 1(c) indicates that the effluent NO 2 À -N of R1 fluctuated within 0-1.2 mg/L, while that of R2 fluctuated within 0-2.0 mg/L. The fluctuation of effluent NO 2 À -N of R2 was apparently more intense than that of R2. It was noted that, the differences in NO 2 À -N and NO 3 À -N concentrations were virtually negligible from day 13 to day 16. It could be postulated that the accumulated NO 2 À -N and NO 3 À -N had been consumed to a low level that could not be significantly decreased any more. Also, SV 30 and SVI of R1 were apparently lower than that of R2 with a constant MLSS kept around 3,000 mg/L. Therefore, it may be concluded that the introduction of the strain ZQN4 had a positive effect on nutrient removal, and even more remarkably on P removal. The wastewater characteristics of R1 were steady from day 13 to day 16. Meantime, the improvement of removal efficiencies of COD (2%), NH 4 þ -N (2%) and PO 4 3À -P (3%)
were slight, and the NO 2 À -N and NO 3 À -N concentration changes of R1 were in small ranges (0.3 and 0.8 mg/L respectively). In addition, from day 13 to 16, the effluent of R1 could steadily meet the one-class A permitted pollutants emission of Chinese standard Urban WWTPs (2002 edition). However, from day 13 to 16, the effluent of R2 failed to satisfy the standard. As a result, by comparing the performance of R1 and R2, it could be concluded that the system could successfully start up in the 16-day cultivation when introduced into ZQN4. The result was in line with the literatures (Park et al. ) which alleged that the added microorganisms directly cultivated and isolated from a similar system would be more efficient on the start-up of the target system. In the reactor with DPAO instruction of our study, the influent quality of the sludge acclimation was COD (300-400 mg/L), NH According to the study (Ma et al. ) , the influent quality of sludge acclimation was COD (121.5 ± 21.68 mg/L), NH 4 þ -N (41.65 ± 5.4 mg/L), NO 3 À -N (0.68 ± 0.31 mg/L), NO 2 À -N (0.14 ± 0.25 mg/L) and PO 4 3À -P (4 ± 1.31 mg/L), and the system could quickly start-up within 15 days in the bio-augmentation system with high phosphorus removal (96.43%). The influent quality of this system was different from our study, but its start-up period was similar to ours. As a result, it could be found that the influent quality might not strongly affect the start-up of the biological system. In addition, according to the study (Zeng et al. ) , the influent quality of the sludge acclimation was average COD (218.6 mg/L), NH 4 þ -N (62.0 mg/L), NO 3 À -N (1.35 mg/L), NO 2 À -N (0.27 mg/L) and PO 4 3À -P (5.24 mg/L), while the start-up period was 30 days without bio-augmentation. The influent quality of this study was similar to our study, yet its start-up period was longer. Therefore, it might be true that the differences in time demand for start-up could be deciphered by the bioaugmentation, rather than influent quality.
All in all, R1 demonstrated a better removal performance, with an obvious water quality change, especially for the P and N removal. The microbial community structural changes were speculated to be responsible for it. In order to have a better understanding of the characteristic changes of the system with the introduction of Strain ZQN4, 16S rRNA PCR-DGGE was implemented and analyzed in the following part. Additionally, nirS and nirK PCR-DGGE analyses were also displayed to demonstrate their difference.
16S rRNA PCR-DGGE analyses
The sludge used for 16S rRNA DGGE was collected at the end of the anoxic phase of R1 on days 1, 3, 5, 7, 10, 13 and 16. The DGGE fingerprint is illustrated in Figure 2 . The similarity, the cluster analyses and the phylogenetic tree of microorganisms based on 16S rRNA are exhibited in Table 2 and Figures 3 and 4 , respectively. Observed from the band intensities from Figure 2 , the bio-augmentation system was in a dynamic and inconstant state, which could be simultaneously certified by the similarity (Table 2 ) and UPGMA (Figure 3) analyses. On different days, the population appearance and microbial structure varied dramatically. The varying speed of the microbial structure increased at first and then decreased to an inactive level, given by the fact that day 7 held the lowest similarity (55.3-64.5%) with other days and day 13 held 72.4% similarity with day 10 and 69% with day 16, respectively.
Seen from Figure 4 , the richness of microbial species was not high, as a total of 14 bands (OUTs) were figured out. The 14 OUTs primarily, ordered by the abundance, belonged to Alphaproteobacteria (α-Proteobacteria) (band À9, À10, À12, À14), followed by Flavobacteriaceae (band À1, À5), Gammaproteobacteria (γ-Proteobacteria) (band À6, À8), Bacillus (band À4, À11) and Actinobacter (band À7). However, in terms of the quantity, the Flavobacteriaceae (band À1, À5) was the most abundant, followed by Actinobacter (band À7) and Bacillus (band À4, À11). To some degree, the result was different from the bio-augmentation performance given by Zhang et al. () , who pointed out that Gammaproteobacteria (γ-Proteobacteria) was the most abundant, followed by Alphaproteobacteria (α-Proteobacteria) and Betaproteobacteria (β-Proteobacteria), indicating that the divergence behaviors might be closely related to the chemical characteristics of introduced strains, feed and other operation conditions. Interestingly, rare Betaproteobacteria was observed in the present study but much of them were obtained in the research by Zhang () . The reason might be that microorganisms like ammonifiers which belonged to Betaproteobacteria were rarely proliferated in our system due to the absence of organic N.
In addition, different bands were related to different microbial community, and the community diversity changes would be attributed to the influence of changing substrate. The Flavobacteriaceae was characterized by a strong adaptability, especially confirmed through the high-steady removal efficiency of COD and NH 4 þ -N. The uncultured Intrasporangiaceae bacterium (GenBank: AY710288) (band À7) was isolated from a dephosphorization system and belonged to uncultured Actinobacterial PAOs. Band (À11) represented the introducted DPAO (Bacillus cereus strain ZQN4), and it could be steadily observed throughout the start-up period. The stability of bands (À7, À11) indicated that the phosphorus-accumulating bacteria enriched in AOA-SBR system were approximately unchanged in quantity but improved on activity after acclimatization. Pseudomonas sp. is known to perfectly consume COD. In our study, though Pseudomonas sp. consistently appeared on the band (À6) throughout the whole start-up period, little Pseudomonas sp. was measured. This result was inconsistent with the result given by Zhang () , in which Pseudomonas sp. was largely enriched after bio-augmentation. The reason of the difference might be caused by the different operation temperature. In this study, the operation temperature was 30 C, but it was 10 C in Zhang (). Therefore, it could be inferred that the enrichment of Pseudomonas sp. was affected by temperature. Despite of not being defined, some microorganisms were detected to be similar to some delivered reports. Band (À2) was related to Uncultured bacterium domesticated from a SBR system capable of denitrification and phosphorus uptake under aerobic or anoxic circumstances (Dabert et al. ) . Band (À13) was linked to Uncultured bacterium originated from anaerobic sludge (pH ¼ 8) which was able to convert organics to short-chain fatty acids (SCFA).
The NirS and NirK gene analysis
The nirS and nirK DGGE on days 1, 3, 5, 7, 10, 13 and 16 are fingerprinted in Figure 5 , and their UPGMA analyses are displayed in Figure 6 . After PCR amplification, the obtained 15 bands were sequenced and aligned with the NCBI database, and the details are presented in Table 3 . The nirS UPGMA (Figure 6(a) ) showed that the similarity between day 1 and day 16 was as low as 55.2%, but day 3 obtained a higher similarity up to 81.7% with day 5. Likewise, similarity ( Figure 6(b) ) of nirK between day 1 and day 3 was reduced to 39.1%, day 1 and day 16 to 27.6%, day 13 and day 16 to 53.6%. Consequently, like the 16S rRNA DGGE analysis, perceptible evolution of community diversity could be noted from the nirS and nirK DGGE analysis (Figures 5 and 6) . Additionally, the evolution was analyzed tending to a stable level. According to nirS DGGE, 15 OUTs were figured out. Rhodocyclus sp. (α-Proteobacteria) was the most abundant, followed by β-Protebacter and Pseudomonas sp. AB185907, EF177802, EF558423), 95% related to bands (À1S, À2S, À12S, À13S), was isolated from an A/O (anaerobic/aerobic) SBR system and was authenticated to be a kind of Rhodocyclus-related PAO (DPAO). All of them were maintained at a constant state of intensity and concentration during the start-up. As a consequence, bands (À1S, À2S, À12S, À13S) were all conjectured to be DPAO, indicating that DPAOs were highly enriched in the system. However, some populations experienced intense changes. Band (À5S) had a tendency to increase but it decreased on day 5, recovered on day 7 and continued to actively live to the end. It could be caused by the sudden rise of NO 2 À -N concentration (Figure 1(c) ).
Only nine OUTs marked denitrifying nirK gene was observed. The Pseudomonas sp. (band À2 K) and Rhizobium sp. (band À4 K) were dominant. Pseudomonas sp. was able to finish denitrification under anoxic conditions in accordance with the reports by Lötter & Murphy () . Band (À4 K) was mostly associated with Rhizobium sp., which belonged to α-Proteobacteria and used NO 2 À as electron acceptors for denitrification. Hence, both bands (À2 K, À4 K) could be claimed as the microorganisms capable of reducing NO 2 À -N. However, they were gradually weakened from day 1 to day 5, recovered on day 7, fell on day 13 and recovered again on day 16. The phenomenon might be explained by the speculation that Pseudomonas sp. and Rhizobium sp. could be largely affected by changes in NO 2 À -N (Figure 3(c) ) concentration. It was also possible to conclude that the microbial structure could be strongly affected by the external environmental conditions. Bands (À3 K or À9 K) might be the introduced strain ZQN4 added at day 2.
Compared with the results obtained from nirS DGGE analysis, the abundance of nirK DGGE was significantly lower, yet the result was opposite to the claim by Zeng et al. () , who maintained that nirK could be neglected. Microorganisms' distributions detected by nirS and nirK DGGE were different, suggesting that nirK DGGE could not be neglected when investigating denitrifying bacteria. In addition, most denitrifying microorganisms in AOA-SBR system were classified as Rhodocyclus sp. and Pseudomonas sp.
Comparison between DGGE of 16S rRNA and NirS, NirK
Microorganisms detected in AOA-SBR bio-augmentation reactor were primarily distributed as Flavobacteriaceae, Proteobacteria, Bacillus and Actinobacter according to 16S rRNA DGGE. Nevertheless, the dominant microorganisms were Rhodocyclus sp. and Pseudomonas sp. according to nirS DGGE, while they were Pseudomonas sp. and Rhizobium sp. according to nirK DGGE. Remarkable differences could be observed from the distribution of community diversity between the DGGE analyses encoded by 16S rRNA and nirS, nirK.
It could be perceived that the phylogenetic relationship of functional genes of nirS and nirK was inconsistent with that of 16S rRNA, and 16S rRNA should not be utilized to determine the community diversity or species identification of denitrifying microorganisms, like denitrifying bacteria and denitrifying phosphate-accumulating organisms.
CONCLUSIONS
The start-up performance, including the start-up period, the sludge characteristics and removal efficiencies of nutrients, of the biological system augmented with a stain of DPAO (ZQN4) could be significantly improved. The time taken for a successful start-up of an AOA-SBR system could be shortened to 16 days. The SVI was largely enhanced, and the removal efficiencies of nutrients, including COD, NH 4 þ -N, NO 2 À -N, NO 3 À -N and PO 4 3À -P, were improved, especially PO 4 3À -P got a 14.61% improvement. Furthermore, microorganisms aligned by 16S rRNA mostly belonged to αand γ-Protebacter, Flavobacteria, Pseudomonas and Bacillus, while by nirS gene to Pseudomonas sp. and Rhodobacter sp., and by nirK to Pseudomonas sp. and Rhizobium sp. The phylogenetic relationship of 16S rRNA, functional genes of nirS and nirK were inconsistent with each other for detection of denitrifying bacteria. The 16S rRNA should not be used and nirK gene should not be neglected to detect the denitrifying bacteria.
